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TESTS ON THIN-WALLED CELLULOID CYLINDERS TO DETERMINE THE
INTERACTION CURVES UNDER COMBINED BENDING, TORSION,
AND COMPRESSION OR TBNSION LOADS

By Elmer ¥. Bruhn
SUMMARY

The report on this research project is divided into two
parts, Part I presents the results of preliminary tests bto
dstermine the modulus of elasticity of celluloid shest; the
cffeect of temperature change on the valuc of the modulus of
elasticity; the creegp of ceclluloid sheot under stress as a
function of time; and finally the effect of repeatod duckling
failurcs on the original buckling strength of celluloid cyl-

inders. T T T e

Part II of this report gives the rosults of tests on a

considerablo number of thin-walled, circular celluloid cylin-’

derg of several lengths, diameters, and wall thicknessss when
subjected to loads producing pure compression, pure bending,
nure btorsion acting separately and in combination and of such
magnitude as to ceusc faillure of the cylinders.

Ultimate strength interaction equations vased on %the
test results are given for circular cylinders subjected bto
combined compression and mure bending, combined comprossion
and purs torsion, combined pure bending and purc torsion, and
finally %o comhined compression, bending, and torslon.

Linited results are given for the celluloid cylinders
subjected to combined tension and pure bending, combined ten-

sion and pure torsion, and finally to combined tension, bend-
ing,and torsion.

RESTRICTED
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INTROCUCTION

The modern airplane body 1s essentially a thin~walled
skell., 1In come body designs, all longitudinal skin stiffen-
ers are removed or only three longifudinal skin stiffeners
are used, thus the thin shell becomes the major structural
unit in reolsting the applied external loads. In general,

the alrplane body is suogected to éxternal forces which will
produce coupressive, bending, and twisting stresses in the
body structure.

Very little test information is availabdle at presont on

the ultinate strength of thin-walled metal cylinders under
combined locads, particularly so if compression, bending, and
twisting loads are actirng simultanconsly. Cno rcason for
the lack of this informatisn is due, no doubt, to tho greal
cnst and amount of time %o carry out a complete test prograd -
. o0 full-sizs metal cylinders. The purwose of this research

Project wag to determing whether the testing of inexpensive
small cylinders fabricated from thin cellulcid shoet would
slve valuable reliable data for 4determining the ultimate .
strength interaction relationships for circular thin- wallei—_“"La"
cvlinders when sutjected to combinations of compressive,
bending, and twisting loads.

IY is thought that the results obtained 1In this projoct .
have shown definitely that valuable desizn information can .
te obtained from tests of celluloid cylinders with compala-
tively esmall expenditure of time and money. T o

The funds for thig research wrojsct wsre supplisd by
the Naticnal Advisory Committee for Asronautics. The projoct ™
was carried out as & rogular research project under the .
Purdue Research Foundation and the Purdue University Envinaer—
ing Experinment Statioxn.

T

Tne achtual test work was carried on in the depdaritment of
eronantics of the Sechool of Merhanical and Aeronautiual
ingineering under the direct supervision of Professor B.F.C
rubhn. The test apparatus was constructed and the magority B
f the cylinder tests werse made by Mr, R. L, Dickinson, Lo s
former ingtructor of Aeronautical Enzineering at Pur&ue
University. The remainder of the tests were completad by Mr.
W. G, Zosarner, sanior etudont a2t Purduve, and Professor 3Bruhn.
The digest of the data and tks writing of the report were
carried out by Professor 3rulbn. o 2
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Tre writer 1g indebted to Professor K. D, Wood for valu-
able suggestions and for reading the final report. )

SYMBOLS
L cylinder length for minimum internal frame spacing, inches
D cylinder diameter, inches
r cylinder radius, inches
t cylinder wall thickness.
Re compression load ratio (non~dimensional)
(R - _opplied compressive load on cylind§: > ]
¢ ultimate compressive load for cecylinder 2
Ry pure bending ratio (non-dimensional)
(Rb - _&applied pure bending load on cylinder )
ultimate pure bending load for cylinder -
Ry opure torsion load ratio (non-dimensional)
(R _ applied pure torsion load on cylinder'>
s ultimate pure torsion load for cylinder )
X ¥ z
R,” + RyY + Ry = 1.0

(an equation refsrred to as the ultimate strength interaction
curve where the exponents x, ¥y, and 2z define thes geéneral

relationships of the load ratios when a cylinder i1s subjected
to a combined loading which causes failure of the cylinder)

I - PRELIHKINARY TESTS AND STUDIES

Summary

The primary object of the test project as a whole was
to determire the ultimate allowable load interaction curves  ———
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for thin-walled cylinders when subjected to combined compres-
sive, Pending, and torsional loads. The material used for
the test cylinders was the nitrocellulose compound commonly
referrcd to as cellulold. It is common knowledge that for
gsuch plastic materisls the stiffness of the material is in-
fluenced by temperature and z2lso that the material suffers
creep under stress. Preliminary tests were run to detormine
the extent of these factoxrs.

The buckling of thin-welled cylinders fallg in the gen-
eral category of elasbic buckling sincc the stresses that
produce buckling are rolatively low. Tests were run on cyl-
indere to determine whether the ultimate buckling strength
of cylinders was affected by repeated loading to buckling
failure and also to determine the influsnce of time of locad-
ing upon the ultimate buckling strength.

Material

Ths material for all the test units in the test »nroject
was cut from standard 20~ by 50-inck sheets of transparent
celluloid, which were purchased from the Celluloid Corporstion.
Three noninal sheet thicknesses were used: namely, 0.0075 inch,
0.010 inch, and 0.015 inch.

Stress~-Strain Diagrams of Celluloid Sheet

Figures 1 to 4 show the results of tests to determine a
portion of the tension stress-sbrain curve for cellulaoid
sheet material. The test specimens consisted of 1l2-inch.
strips varylng from 0.1285 to 0.25 inch in width, which were
cut from %the 20- by B50-inch celluloid skests in directions
parallel to the length of the sheet and also parallel to the
width direction, A 10-inch gage length was carefully marked
on the test strips. The test gtripe were held in position at
one end by a rigld clamp placed to coincide with one of the
gage marks and which was fastened to the tabls top. Tenslion
loads were applied by means of a small flexible wire thread
attached to the other snd of the test strip, which in turn
passed over a nearly frictionless pulley, with small weights
being suspended on the end of the wire to load the test strip
in tensilon,.

The clongation of the 10-inch gage length was obtainod
by a "Carl Zeiss" measuring microscope set up over the gage
mark near the free end of the test strip. Photograph No. 1



MACA TH Ko. 951 ' 5

‘shows test sebup for measuring the strain for the various
tenslon loads. Strain readings were taken for two series of
loadings. In the first series the strip load was added, the
straln was read within 6 seconds and then the load was re-
moved before adding the next larger load. Therefore, in this
serles the stress on the specimen exlisted for only a short
interval of time. OCurve A of figures 1 to 4 shows the results
of this series of tests. In the second serlsess of teste the
loads on the test strips were applied continuously and not re-
moved, and the locading was carried both up and down. To run

a complete test on & strip required ssveral minutes which
meant that the test strip carried tensile stress for a consid-
erable lengbth of time. Curves'B of figures 1 to 4 show the
results of these tests.

Creep of Cellulold Sheset

Table 1 shows the results of tests to obtain information
on the effect of stress intensity and time of stress duration
upon the creep action of celliuleoid sheets, A test strip sim-
ilar to that used for obtaining strese-strain curves was used
in thie test. The test strip was loaded with increasing ten-
sion loads and the strain in 10 inches was measured at vari-
ous time intervals up to & maximum of 2 minutes. The results
in table 1 are presented in graphical form in the curves be-~
low the table.

Effect of Temperature on Modulus of Zlasticity

Flgure 5 shows the effect of tsmperature change upon the
gtiffness in tensior for celluloid sheet material. Thin strip
specimens similar to0 those used for obtalning the test data
for the stress~strain curves as previously dlscussed were cut
from the 20~ by 50-inck celiuloid sheets. These strips wers
loaded in tension by a single load and the slongation in a 10-
inch gage length was obtained by a2 measuring microscopes. The
modulus of elasticity was computed on the basis of thisg unist
strain and the accompanying stress. Tests were run ati roon
temparature varying between 65° and $5° F, The '
curves in figure 5 should not bes considered as giving the cor-
rect value of X, since only one point on the stress-strain
curve wag obtained. The purpose of the tests was only to ob-
tain a measure of the effect of temperature change upon the
stiffness of the celluloid sheet in tension,.
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Pl
General Conclusions from Stress-Strain, Creep,
and Temperature Tests

The following gensral sonclusions can be drawn from a
study of the results (figs. 1 to 5 and table 1):

1. The modulus of elasticlty in tension for tke 20~ by
50-inch cellulold- sheets 1s not the same for stresses paral-
lel to the length and width of the sheets. The difference,
however, 1g usually less than 10 percent. (See fig. 5.)

2. There 1s considerable variation in the value of the
modulus of elasticity with sheet thickness, The thinner ths
sheet the higher the stiffness. The variation for sheets of
0.0075~-inch and 0.015-inch thickness is around 20 percent.

3. Over the range of etress used in the stiress-strain
segts, the resulting curve 1s vpractlcally stralght. Refer-
ence to the buckling stress for test cylinders in the latter
portion of this report will show that the maximum stress at
buckling was arouand 300 to 400 psi, which stress range falls
on the lower portion of the stress—etrain data of figures 1
to 4, where the relationship bstween stress and straln is
definitely a straight 1ine. It is assumed that the compres-
sive stress—-straln relation at low compressive stresses is
the same as for tenslon stresses., The buckling of the cyl-
inders skhould thersfore fall in the elastic category if the
influenee of creep 1s eliminatsd.

4, An increasge in temperature decreases the stiffness
of the celluloid sheet material. TFor example, for a sheet
G.010 inch in thickness, the stiffness changed from approx-
imately 450,000 psi to 400,000 psi when the temperature was
changed from 85° to 95° F. (See fig. 5.) '

5. Celluloid sheet under stress suffers the character-
istic generally rsferred to as creep. Tadle 1 shows, howsver,
1f the stresses are kept under 500 psi and the time interval
of stress application within 0,25 of a minute, the unit
strain due to ceresp is negligible.

Thege preliminary tests on stress—-strain properties
therefore definitely indicated that if reliable and consist-
ent comparative rsesults were to be obtained in testing cellu-
loid cylinders under combined stregsses, the tests on any cyl-
inder should De run at the same temperature and that the time
interval used in applying the loads should be short and that
it should be kept nearly the same in order to eliminate ths
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influence of temperature and creep on the buckling strength
of ecylinders fabricated from thin celluloid sheet.

Preliminary Tests to Determine Effect of Répeated Fgilure
and Effect of Time of Loading on Cylinder Strength

Two preliminary teet cylinders were fabrlicated. They
will be referred to as c¢ylinders P-1 and P-2, Cylinder P-1
was 6.8%7 inches in diameter, 7 inches long, and had a wall
thickness of 0.0075 inch. Cylinder P-2 was the same as cyl-
inder P-~1 except the length was 28 inches. The method of
fabrication of these two cylindere was similar to that of
the cylinders in part II of this test program, which is de-
scribed in detail in part II.

These two test cylinders were loaded in pure bending ..
and purse %orslon by means of a system of levers, wire thread,
and nesrly frictionless pulleys. (See fig. 6 for schematic
diagram of the loading system.) (See photos. Nos. 2 to 9
for pictures of these cylinders.)

Table 2 gives the results of the pure bending and tor-
sion tests on test cylinder P-1. Nine tests each were made
in bPending and %torsion and the load which caused buckling
failure each time was read on the platform scale., As shown
in table 2, the time Interval required to produce dbduckling
failure wa's varied between 0.10 to 0.93 minute for the pure
bending tests. The scale loads %o cause failure for the
first and ninth tests were 3 pounds 8.3 ounces and 3 pounds
8.4 ounces, respectlively, with time of loading 0.10 and 0.13
minute, respectively. Thus, after the cylinder had failed
by buckling eight times, the ninth time gave a falllng
strength practically the game as the first loading when the
time of loading was kept practically the same. When the
time of loading was increased to 0.93 minute (see table 2),
the scale load which caused failure dropped to 3 pounds 6.5
ounces, or a decrease of 3.3 percent from the strength in
test No. 1 where time of loading was 0.13 minute.

Table 2 also glves the resulte of nine tests in pure
torgion. The percent difference betwsen the strength of the
cylinder in the firgt and ninth tests was 0.66 and the max-

imum variation from the average strength of nine tests was
2.2 percent.

BN .
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Tables 3, 4, 5, and 6 give the results of repeated fail-
ure tests on test cylinder P-2 in pure torsion and pure bend-
ing. The cylinder in table 3 was 28 inches long. For ths
teste 1n tables 4, 5, and 6, intermediate bulkhezds were added
to the original eylinder, thus gilving cylinders with L/D
ratios from 1 to 4. The time of loading to cause fallure was
varied, As indicated by the results in theee tables, the max-
ipum variation 1n strength under repeated loadings was not
largs.

Failure of all the test cylinders was sudden. At the
first evidence of buckling the scale reading dropped off, and
as the buckles spread and increased in depth the scale rsad-
ing decreased. Thus it was necessary only to watch the
pointer orn the balance scale to obtain the buckling strength.
The buckling was not explosive in character but progressed
from a small buckle to large buckles in a fraction of & sec-
ond. This type of faillure also was true for all the combined
load tests for the test cylinders 4n part II.

General Conclusions from Tests of Preliminary
Cylinders P-1 and P-2

The results in tables 2 to 6 indicated that the buckling
strength of thin~walled celluloid cylinders in pure bending
and pure torsion remained practically the same under repeated
failure tests, if the ‘time of loading was kept the sams.

This fact would tend to indicate that reliable comparative
regults could be obtained for the shape of the interaction
curves, under combined loadings, since a single test cylinder
could be loaded to failure many times without affecting its
original failling strength.

Since tempcerature change affects the elastlic properties
of cclluloid shect the teets on any one cylinder should all
be run with the same room temperature.

,II - TESTS ON CYLINDERS UNDER COMBINED LOADS
Summary
Part II of this report presents the results of more than

a thousand individual tests on 29 variations of test cylinders
when subjected to combined loads involving compression,
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tension, pure bending, and pure torsion. Eaguations for ulti-
mate strength interaction curves based on the test results
are presented.

Test Specimens

A1l test cylinders were fabricated from standard 20- by
50-inch sgheet colluloid which was purchased from the Celluloid
Corporation. Three sheet thicknesses were used, the nominal
thicknoss boing 0.0075 inch, 0.010 inch, and 0.015 inch. A
few cylinders using s sheet of 0.0050-inch thickness were made

but perfect cylinders without local buckling could not be oh-
tained with this thickness and thus the 0.0050~inch sheet

thickness was not used for any cylinder load tests.

test eylinders.

The following table glves information regarding the va-
rigtion of the thickness of the sheet units whilch made up the

tests in part I showed that a cellnloid cylinder could be

repesatedly loaded %o
ultimate buckling load;
a complete series of tests,

failure with very little change in the
thus 1f the sgame cylinder is used for
tke variation of shest thickness

Ls indicated, the varistion was considersehls,
This fact 1s not considersd serious, since the preliminary

is common to all tests and thus its influence on the results
should not be of appreciable importance.

Varlation in. Sheet Thickness

Mominal ! Arine -
thick- tion
- Measured thicknesses along circumference of test cylinder (per-
ness
cent)
0.015 |0.01L70, 0.0167, 0.016%, 0.0163, 0.0161, 0.016, 0.0159, 0.016, 0.016 6.9
9.010 |0.0102, 0.010, 0.010, 0.0098, 0.0097, 0.0095,0.009%, 0.0096, 7.3
0.0075’0.0073, 0.0072, 0.0072, 0.0073, 0.0074%, 0.0075,0.0076, 0.0075 5.5

inders which were tested,
were fabricated.

Table 7 gives a summary of geometrical data on the cyl-

29 test cvlinders in column (2) of table 7. For example,
cylinders originally were fabricated with lengths of approxi-
mately 7, 10, and 14 inches in length. After these lengths

were carried through a complete seriss of tests,

Sixteen individual test cylinders
These cylinders were modlified to give the

the length
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of the cylinder was changed either by cutting a portion off
the cylinder or by inserting intermediate bulkheads betwsoen
the end bulkkeads of the test cylinder, which would thus
change the IL/D ratio for the cylinder.

Two cylinder diameters were used: namely, 7 inches and
12 inches, approximately. The lengths of the 7-inch diameter
cyvlinders varied from 14 inches down to 3.5 inches and the
12-inch diameter cylinders from 6 inches to 12 inches in
length., Three sheet thicknesses were used: namely, C.0075
inch, 0.010 inch, and 0.015 inch. The r/t (radiusf/thickness)
value of the test cylinders therefore varied from 230 %o 80C.

Fabrication of Test Cylinders

The lengthsof the 6.88-inch diameter cylinders werel3.8
inehes, 10.15 inches, 8.85 inches, and 2.40 inches. For the
l2-inch diameter cylinders two lengths: namely, 6 inches and
12 inchos,were fabricated. For the shorter lengths of the
6.88~inch diameter cylinders a circular wood form block was
found satisfactory for forming the cylinderg. Sheets 21.7
inches in length whkich allowed 0.1 inch for overlap were
wrapped around the form block and held in place with a cloth
tape. A permanent Joint at the overlap was made with amyl
acetate, which 1s a solvent for celluloid. Thig fluid was
run in between the overlapping sheet edges by capillary ac-
tion. In several minutes' time the sheets were securely
jolned together and the cloth tape could be removed and the
cylinder removed from the form block for insertion of the
end bulkheads,

For the longer cyvlinders, difficulty was encountered in
making a perfect circular wood form block, and thusg the longer
cylinders of 6.88-1nch diameter and all the 12-inch dilameter
cylinders were fabricated as follows.

The sheet was cut accurately to the required length plus
0.1 inceh for overlap. .0ne odge of the shoet was clamped to a
square wooden bar, leaving about 1/4 inch protruding out from
the face of the clamp and resting on the face of the square
bar. The other end of the sheet was brought around under the
squarc bar and slipped undsr the sheet cdge protruding from
the clamp. Resistance of the clamped free edge of the sheet
£2 bending provided the forece necessary to keep the other
free edge in contact with the clamped free edge. The 0.1~
ineh overlap of the sheets was welded together by inserting
anyl acetate by capillary action. The forms and apparatus
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for fabricating the cylinders are shcwn in photographs Hos,
10 and 12.

The cylinders were held in a circular shape by the in-
sertion of a circular bulkhead at each end. The end dulk-
heads wore made from 3-ply plywood 1/4 inch in thickness and
were turned out to the ecxact required diameter on a lathe,
Thoe cylinders were mounted in the test Jjig as cantilever
beams; thus one snd bulkhead was fastened rigldly to the teet
Jig. The test loads wore applied to the other snd bulkhead.
Por applying bending and torsional couples a wood arm 35
inches in length was glued to the end bulkhead in the fres
end of the test ceylinder, The bulkheads were fastened To the
cylindor walls by use of amyl acetate, whlch provided a bond
between the sheet and bulkhead which did not rupture under
the cylinder test stresses,

For gsome of the toest cylinders intermediate dulkheads
wore ingerted. These bulkhesads werc turned to accurate di-
mensions from 3/52 inch to 3-ply mahogany plywood. Thege
bulkheads were likewlse fastened to the cyllnder walls by %the
amyl acetate. (Se¢s photo. No. 11.)

In general, the shorter cylinders were made by removing
the end bulixhead at the free end and cutting the cylinder
down to the desired length. This was possible bscause the
repeated fallurs tests, the results of which are recorded in
part I of this roport, showed that buckling failure did not
change the strength of the c¢ylinder appreciably.

Description of Test Apparatus

All ecylinders woero tested with one end rigidly fastensd
to the test Jlg and all loads were applied to the other end
of the cylinder. In building a supporting Jjig, it was impor-
tent to obtain a rigild structures and yet have one in which
the operator of the tests would have free access to the
mounted cylinders and the wire-pullsey-lever systems for apply-
ing the loasdg. Therefore the test jig consisted of four
vertical corner members made from 25—~ by 2%- by 1/4—inch angle
irons. These four corner moenmbers were boltsd together by
transverse angle irons near the top and alsc at a point about
18 inches above the Lottom ends of the uprights. The struc-
ture consisted, therefore, of four rocbtangular panels without
diagonal shear bracing in order to wermit accessibility to
test cylinder and loading apparatus from all sides. Since
the test loads on the cylinder were exceedingly small
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compared %o the cantilever strength of the heavy corner men-
bers of the test jig, the jig supporting structure could be
classed as a rigid structure. '

One ond bulkhead of thoe test cylinders was bolted to a
heavy wood block, which in turn was boltcd to stcel angle
irons attached to the upper transverse Jjlg structural members.
The lower transverse angle lrcns supported a l%—inch thick
wood floor which provided the support for the speed reducers
and the scales for measuring the reactions from the lever
system which was usged ts apply the loads to the cylinders.

Figure 7 shows a diagramatic sketch of the test Jjig.
Photograph ¥os. 17 to 20 show varisus views of the test Jjig.

Apparatus for Applying Pure Bending and Pure Torsiocnal Loads

Figure 8 gshows a schematiec diagram of the bending and
torsion apperatus. Pure bending and pure Lorsion were ap-
plied by a slngle spoed reducer. This unit, hand cranked,
pulls down on lever (A), one end of which rests on a platform
scale. The other end is connected through a movable pivot %o
a second lever {(B), on either snd of wkich is a frictionless
pulley.

For the torsion apparatue a wire is attached to one end
of the lever (0) on the bottom bulkhead of the test cylinder.
The wire 1s drawn horigontally at right angles to the lever,
across & pulley mounted on the test Jig structure, dowr and
around the »pullesy on the end of lever (B). It is then
brought to the hack of the test jig around two more pulleys,
past the back end of lsver (0) and around the last pulley,
where it reverses Lbs direction and returns to be attached to
the other end of lever (C). Thus, a pull-down on lever (3)
will apply a pure torsion couple to the test cylinder.

For the pure bending apparatus (see fig. 8) a second
wire is attached to the near end of lever (C). This wire is
brought down around the second pulley on lever (B), then
passes up and acress the top of the Jjig to the sther side,
then down and fastens to the other emnd of lever (C). Thus,
a down-pull on lever (B) also applicd a pure bending load to
the test c¢ylinder.
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Apparatus for Applying Axlal Compression

The axial compression load on the test cylinders was
applied through an entirely separate lever system. TFigure 8
shows a schematic diagram of the system for applying the com-
pression load to the test eylinders. A scale, a speed rs-~
ducer, ard three levers were used. The first lever (&) is
supported at one end on the platform scale, the other end _
reste in a connecting vivot to the end of the second lever (B).
The other end of levsr (B) was supported on the rigid test jig
frame, Lever (B) is attached to one end of lever (C) by a
flexible wire. Lever (C) is pivoted at a short distance from
the other end from which a wire is dropped through & hole in
the upper platform of the test Jig to attach by a hook to the
midpoint of the lower ce¢ylinder bulkhead. Thus a down pull on
lever (&) will apply a pure compression load to the test cyl-
inder.

Influonce of Friction in Loading System

Although so-called "frictlonless!' pulleys were used to
support and guide tkhe five wires by which bending and torsion-
al couples were transmitted, a check was masde on the amount
of friction in the wire-pulley loading system. Tests mads on
sach lcading system: namely, bending, torsiom, and compression,
skowed that the friction logs remained directly proportional
t0o the magnitude of the applied_loads. Thus the friction fac-
tor was coustant regardless of load, Since the test data as
illustrated in the appendix is in the form of load ratios in
order to plot interactlion curves, the frictlion factor cancels
out and hence may be disregarded in plotting load interaction
curves, If the true cylinder forces are wanted in order to
calculate stresses, the friction factor must be considered as
explained in the appendix.

General Test Procedure

To obtain test data for plotting ultimate strength inter-~
action curves under combined compression, bending, and torsion
loads, it 1s necessary to determine the ultimate strength of
the cylinder under each of the three types of loading acting
separately as well as under various combinations of the thres
iypes of loading.

The tenst rssults as glven in part I of this report showed
that if cylinder tests were run at the same room temperature
and the time of loading was kept within 10 to 20 seconds,
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consistent results could be obtained in the repeated ultimate
buckling streangth of celluloid ecylinders. Therefore in mak-
ing a serisg of tests on a ce¢ylinder, special effort was made
%0 keep thec rate of loading approximately the same with the
time of test around 10 to 15 seconds.

For any gilven test cylinder, the gensral steps in the
test sequence were approximately as follows:

1. Pure bending test
2. Pure torsion test

. 3. A series of five tests in combined bending and %torsion
with different proportions of bending and torsional loads

4. Check tests of pure bvending and pure torsiomal strength
+5, Pure compression test

6. A series of tests in combined torslion and compression
using controlled values of compression - for exampls, 0.2, 0.4,
0.6, and 0.8 of the ultimate compressive buckling strength

7. A geries of tests 1n combined bending and compression
using controlled values of compressinn - for example, 0.2, 0.4,
0.6, and 0.8 of the ultimate compressive buckling strength

8. A geries of tests for combined compression, bending
and torsion usling controlled values of compression equal 3o
0.2, 0.4, 0.8, and 0.8 of the ultimate compressive strength

9., On several of the test cylinders a series of tests for
combined tension, bending, and torsion were run, Controlled
values of tension based on the ultimate compressive strength
were usod, the tension being regarded as negative compression,

10. On a number of test eylinders, the pure bending force
was replaced by cantilever bending due to a transverse load
and a series of combined loading tests were run as described
above.

Step 1 involved the application of a bending couple only
to the test cylinder and increasing the magnitude of the couple
until the cylinder failod by buckling on the comprosssion slds,
The tare and gross scale readings were recorded, together with
the lengths of the lever arms and the room temperature.
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The procedure in step 2 was similar, with a torsion
couple being applied until the cylinder failed by buckling
on diagonal lines around the cylinder. As before, the scalse
readings and lever arm lengths were recorded,

In step 3 bending and torsional couples were applied
simultaneously.

Step 4 provided a check on the maximum bending and tor-
sional strength, This step was repeated after approximately
every elght individual tests to provide a contlnuous check
on the cylinder strength as compared to its origlnal strength.

Step 5 involved the aprlying of a pure compression load
to the eylinder until the cylinder failed by dbuckling. The
scale readings and lever arms were recorded.

Step 6 was similar to step 3, with bending replaced by
compression in order to obtain data for the interaction curve
in combined torsion and compression,

Step 7 was the same as step 6 with bending replacing
torsion. These results gave data for plottlng the interac-
tion curve in combined compression and bending.

Stepr 8 consisted of a number of tests in which bendlng
and torsional couples as well as compressive loads were ap-
plisd %o thke cylinder until it failsd by buckling. In thess
tests the compression load was kept constant, while the cou-
ples were incresased in magnitude until fallure occurred.

Photographs Nos., 21 to0o 33 illustrate the buckling pat-
terns of the cylinders under the various types of loading.

Test Dats

All the cylinder test data are recorded in the form of
graphs, which are 1ncluded in this report. To illustrate ths
form of the test data, two tables of test data for two tTest
cylinders ares presented in the appendix. The explanation of
the test terms also are given there.

Resgults and Discussion

Results of Tests for Cylinders im Combined Compression
and Pure Bending

Figure 10 shows a plot of the load ratio R, against
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the load ratio Rb ag obtained from the various cylinder
tests. The values for the plotted points are taken from
the tables in the appendix. The test values in figure 10
arc plotted without distinction of r/t or L/D of the
cylinders. The results show that the majority of the test
results lie above the straight line relationship as given
. by the esquation R, + Ry = 1. A mean curve through the

test results is given closely by the equation R, + Rb1'1=1,

c
which is plotted on filgure 10.

FPigure 11 shows a plot of the test data for the cylinders
divided into three groups, eack having a different L/D
(length/diameter) ratio., PFor the two cylinder groups with
L/D near 1.0 and 1.5 to 2.0, respectively, the interaction
equation R, + Rb1'1.= 1 represents mean results. For the
cylinder group for L/D = 0.5 to 0.67, the mean of the test
results appears %o fall bstween a straight line and the equa-
tion Ry + Ryt = 1, Thus the general conclusion is drawn
that the lower limit of the test results is closely approxi-

mated by the interaction equation R, + Ry = 1 and the mean

. 1.1 _
results by the equation Rc + By = 1.

The r/t (radius/thickness) ratio for the cylinders
which varied from 230 to 800 appears to have no influence on
the load ratio R, and Ry. (Seoc fig. 11.)

REegults in Combined Compression and Pure Torsion

Figure 12 shows a plot of the load ratio R, against
the load ratio Rg as obtalned for all cylinder tests. The
test values in figure 12 are plotted without distinetion of

r/t or L/D of the cylinders. In figure 12 the mean of

the test data 1s approximated closely by equations

R, + B 2% =1 and R, "' + R,2-5 =1, the first equation

checking closer at high values of Ry and the other equation
checking better at lower values of Rg. The lower limit of
2all the test data is closely approximated by the equation

R, + R4® = 1, which is plotted on figure 12.

Figure 13 shows a plot of the test data for the cylin-
ders divided into thrse groups of different L/D ratio.
The curve for the interaction equations, R, + Rg® = 1,
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for test data in %he range of 2Ry = U to 0.4. ZFor the cyl-
irder gromp witk I/D = 1.5 50 2.0, all test resglts fell
near the curve as given by the equation Rba + R =1,

Tsazults, Combined Compression, Pure Bending,
end Pure Torsion

Fizures 18, 17, and 18 show 2 plot of the tegt results
?or the various test cylinders when loaded in combined com-
wression, bending, andi Ltorsismn, In running the tvasts the
load ratio R, 1in compression was kept constant for & series
5T teste. In general, the censtans valussg of R uged wsare

e
.2, 0.4, 0.8, 53 0.8,

fignra 12 showse a composite plotting of all test eylin-
cere for the four series of tests with R, kept constant
ard squal to tiie values shown. The curves for 3shres inter~
action eguaticns are plotied on sach of the four grapis:
8.5

namsly, R, + Ry + Rs = 1, Rc + By + Rs = 1, and

o~ lelql.1l - 2.
(Rg + R "7 )77 + EBg = 1. e lowsr raznge of the test
data is closely sprroximated by tre curve for the equation

Rc + R4+ B4 = 1. The other two sgquaitions given above ap-

proximate tie mean of the tast dzta.

Figures 20, 21, and 22 give a plot sf the test results
when the vllnd rs arce divided intoc three groups with differ-
snt L/ ratio. The curvss for the two cqguations
- .5 - 1.13y1e1l , = 245
Ro + Ry + R ° = 1 and (F, + Ry ) + R,°*7 = 1 are
nlotted on the varistus grouns of thess filigures.

Figure 235 snows how the test data plots wker the load
ratio =&R_ 1is kept constant. The plotied velues wers ob-
tainsd by vsing the curves in figures 18, 17, and 18 and
reading 27 values of R, apd Ry for a counstant series of

-~

vulues of K eqgual to 0.2, 0.4, 0.8, snd 0.8, respectively.

4

Fignres 24, 205, and 26 show a similar piot of the test
iata for the eylindere divided iato thrse groups of differant
L/2 ratio. The results show that the msan of the test ro-

s

sults is closely approxizebtsd by cquation Ry + Ry + R *P= 1
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or (Rg + Rple?)'+1 4+ RB°5 = 1, The equation

R, + Ry + Rsa = 1 represents rather approximately the lower
range of the test data. On figure 24 on the upper two series
is plotted the curve for the equation R, + Rbl's + Rsa = 1.
The result shows that using the exponent of Ry as was found

to check mean results in combined bending and torsion is
definitely not right for the equation for the three combined
loads of compression, bending,and torsion,

Results, Combined Tengsion and Pure Bending

Hear the end of the actwal test program it was decilded
o run a few tests of cylinders with axiesl tension replacing
axial compression.

Figure 27 shows a plot of the test resultes on two cylin-
ders in combined tension and pure bending. The tension load
ratio is glven in terms of the compressiom load ratio R,

and is noted as a negative compression. Thus, when the ten-
sion load reached the magnitude of the ultimate comprossive
strength of the c¢ylinder the load ratic R, was noted as

-1.0. Tensgion loads greater than that were not applied be-

cause of danger of breaking the wire thread in the loading
system.

Since there are test results for only two cylinders,
the true shape of the interaction is doubtful., Figure 27
indicates that the mean value of the test values is approx-
imated by the equation Ry + 0.9 R, = 1,

Results, Combined Tension and Pure Torsion

Figure 28 showe the test results for the same two cylin-
ders in combined tension and torsion. In the tension region

the results of the tests are closely approximated by the equa-
tion X g + 0.4 Re = 1. '

Results, Combined Tension, Pure Bending, and Pure Torsion
FPigures 29 and 30 show a plot of the test results for

test cylinders 13a and 13b loaded in combined tension, bend-
ing, and torsion. Curves which simulate this data are drawn
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on thess figures. In running the tests the tension load was
kept constant for & series of tests.

Figures 31 and 32 show a plot of the same test data,
but using the load ratio Ry as constant instead of R,.

Thus on figures 29 and 30 constant values of Rg were as-
sumed and corresponding valuss of R, and Ry wsre rocad

from the figures assuming that the curves as drawn on fig-
ures 29 and 30 approximated the test data.

On figures 31 and 32 the test points are compared with
the curves for the interaction equations Ry + Ry + Rg%-% =1

and R, + By + Rss = 1. Although test results are given for

only two cylinders the indications are that the interaction
equations in the compressive range nold good for the tension
range at low values of the tension load, since the maximum
tonsion load used was equal %o the strength in pure compros-
sion.

Conclusions on Results of Combined Loading Tests

Table A on the following pagzge gives a summary of %the
various interaction squations which closely approximate the
test data for the various combined loadings.

For a circular thin-walled cylinder in combined compres-
sion, bending, and torsion, the curve which represents the
mean test results fairly well is given Dby the squation:

(Rc + Rbl.l)l.l + Rsans = 1 (l)
Tor combined compression and pure bending - that is,
Rg = 0, eguation (1) reduces to
1.1
RC 4 E.b = 1 (2)
For combined compression and pure torsion - that is,
Ry = 0, equation (1) reduces to
1.1 2.5
Rg + R = 1 (3)
or combined pure bending and purs torsion - that is,

H
[e]
i
o

equation (1) reduces to
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TABLE A.- SUMMARY OF INTERACTION DQUATIONS BASED OH TEST DATA
Typo of L/D Intoraction equations
loading ratilo Rofor=
Lower limit of . - once
test values Hean wvalue of tost results £1gures
o l:1
Combined com~ [0.5, 1.0 | R, + Ry =1 Ry + By =1 10, 11
pression and 1.1
puro bonding [L.5, 2.0 |R; + By = 1 Rg + By "7 =1 10, 11
Combined com- 0.5, 1.0 | Ry + Ry~ = 1 R, + RSP %=1 or 12, 13
pression and 1.1 5 R, + 352-5 =1
p'llI‘e 'bOI‘SiOIl 1'5, 2.0 Rc hd + RGB. - 1 Rcl.s + RSZ-S = l 12' 13
2 1.a1 2.5
Combinod pure |0*2* 10| %p + By =1 Ry +Rg2 %1 or |14, 15
bonding and Rpl*® + Rg® = 1
pure torsion 1.5, 2.0 Rb;1.75+ Rsl'7s= 1 Rba + Rse =1 14, 15
0.5, 1.0 Rc+Rb+RSE=l Rc+3-b+Rsa'5=l or
Combined com~ 1.1y1e1 3.5_-4 16
pression, (R + Bp*+h) + R7P=1 o
ure bendin ‘
od pure B 1.5, 2.0 Ry 4Ry + RS =1 | By + By + RE°5=1 or | 26
torsion (2 + 3’01' 1)1 .1 + Rsa «5_ 1
Combined %en-
sion and : ng-+ 0.9 R, =1 7
pure bonding?
Combined ton-
sion nnd aRs + 0.4 Ry =1 28
pure torsion?
Combinoed ten~ o - 5.5
sion, bending, Ee+ Ry + By =1 Ro + 3y + RHg =1 31, 32
and torsion?l

1Bascd on tosts of only two cylinders.
“4 tonsion load is considercd in torms of a negotive R

good for small tension loads.

cl

Bguation only
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Rblnal 4 Rsaus = 1 (4)

The results indicated that the curves for equations (1)
%o (B) approximated the test results in the various condi-
tions of combined loadings. Thus interaction equation (1)
can be taken as the general equation applicable to any com-
bination of compression, bending, ard vorsion. (For closer
approximations, see equations in table A.)

In summary tatle A, two different equations are glven
in some cases as representing the mean test data. In genersal,
the curve of one of ths squations checks the test data better
over one portlion of the test range, whereas the other equa-
tlon checks the test results better over the remaining por-
tion. 1In general,the difference between the curves for the
two equations 1s relatively esmall,

For quite conservative design for thin-walled circular
eylinders where the L/D ratio is 1.0 or less, the test re-
sults Indicate the following equations for the ultimate
strength interaction curves.

Combined compression and pure bending:

RC+R'D=1

Combined compression and pure torsion:

2
RG+RS=1

Combined pure bending and pure torsion:

.L‘L'b'l’Rsz:l

Combined compression, pure bending, and pure torsion

R, + By + Bg° = 1

c

If the approximate mean of the test results is used for
design purposes, the resulting design inteoraction eguations
for each of the above conditions of loading, respectively,
would be,
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C
Rclnl + P_sa-s = 1
2,102 + R 2% o1
(Rg + Bp ") 4+ 2 2°% =1 or By + Ry + RS =1

which ig slightly more conservative.

For long cylinders (L/D equal to 1.5 to 2.0), the test
data plotted higher and the approximate interactions equa-
tions are listed in tadble &, In normal fuselage construction
tho intermediate btransverse frames or rings would usually
give a L/D ratio for the cylinder less than 1.0,

The writer thinks that the test values on the celluloild
crlinders as a whole tend to lean toward the conservative
side because the ultimate buckling strength of the cylinders
decreascs slightly under repesated fallures. Most of thkis
gradual docreasc 1s taken care of by repeating load tests in
pure compression, bending, and torsion acting separatsly at
frequent intervals and using the new values if different in
calculating the load ratios Rg, Ry, and Rg. (See tables

in the apvendix for tkis procedurse.)

Furthermore, in the combined tests ihvolving compres-
gion, bending, and torsion, the bending and torsion loads
were applied simulbtaneously through one load system and the
compresgion load was run on through a separate system.
Since 1% was convenient to use constant values of R, in

running the tests, the compression load was run on a little
faster than the other two load systems, thus the eylinder
was carrying the entire test compression load a few seconds
before the entire bending and torsion load which caused
failure had been added. (This fact it 1s beliesved would tend
to decrease slightly the true cylinder strength under the
combined loads, thus it i1s thought that the interaction
equatlions based on the mean results of the tests can be as-
sumed as design interaction equations for circular thin-
walled cylinders under combined loadings.) The reader should

also refer to the general conclusions in part I of this
report.,
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Teste of Crlinders under Combined Transverce Cantilever
Bendlng, Compression, and Pure Torsion

For a number of the test eylinders, the pure bending
load systcm was replaced by cantilover bending whickh there-
fore caused flexural shear stresses on thoe cylinder. The
bending momant on the cylinder was produced by applying a
side load to the free end of the cylindsrs. At the same
time a compressive and torsional load was applied. Although
a conslderable number of tests were run, 1t is thought that
the data were not extensive enough to draw definite coneclu-
sions regarding expressions for intsraction curves.

To 1llustrate some of the test results, figures 33 and
34 ares presented. These figures show the plot of the test
results for test eylinders 6b and 15 when subjscted to com-
bined compression, cantilever bending, and pure torsion.
The term B, represents the load ratio for cantllever bend-
ing. The curves which have been plotted through the test
points have a consideravly different skape from those in

figures 16, 17, and 18,where pure bending was used instead
of cantlilever bending.

Purdue University,
Lafayette, Ind., May 29, 1944.

APPENDIX
Typlical Test Data
To racord the complete test data for all the test cyl-
inders would requlrec a consgiderable number of pages and
tables. To illustrate the form of the test deta, the resgsults
for two tegt cylinders are presented in this appendix. The

meaning of the table column headings ig as follows:

Cm axial compressive ldad on cylinder which caused failure
under pure compression, pounds

c axial compressive load on cylinder during a combined
load test, pourds

R, load ratio on compression <5L>
m
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Ry load which measures pure bending couple that caused
failure of cylinder under pure bending, pounds
(Actually it represents twice the couple force.)

3 load wvhich measures applied pure bending moment in com-
bined load tests, pounds

Ry load ratio im pure bending -(gl)
n

If nagnitude of actual bending moment is wanted in inch-
vounds, multiply Bp Dby 10.3 for 7-inch diamseter cylinders
and by 16,4 for l2-inch diameter cylinders. This takes care
5T couple arm and friction factor in load systenm,.

Ty l10ad which measures pure torsional couple which caused
failure of cylinder in pure torsion, pounds.
(The load is actually twice the couple force.)

T load which measures applied purs torsion moment in com-
bined load tests, pounds

Rg load ratio in pure torsion ZN
Tm/

HOTE: In plotting the test results the load ratio Ry

wvas glven the symbol Rg; s Rg = z

H

. If actual magnitude of torsional noments 1s wanted, =mul-
tiply Tpn or T by 10.5 inches for 7-lnch diameter cylinders

ard by 16.7 inches for 12-inch diameter cylinders. This
takes care of couple arm and friction factor,.

Pr trangsverse load applied at rfree end of cylinder which
cauged fallure of cylinder in cantilever bending,
pounds

P transverse applied locad in combinsed load tests

RP load ratio in cantilever bending <}EL>
Pp

As indicated in the tables, the values of Oy, By, and
Tp were determined, and then a series of combined tests

were run, after which values of Cm, Bm, and Tm were
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again obtained, followed by another geries of tests,and so
on. Thie process no doubt gave & trusr valus of the load
ratio E,, Ry, and 2Ry slnce the ultimate strength of the
cylinder ckanged slightly after repeated loadlngs, andéd

since all teste were not run at the same room temperature.
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TEST DATA
CYLINDER NO. 1b
D = é.88" L = 6.8, +t = 010

Cy B, Tn | P c B T P Rc Rb Rt Tem
11.15 720
11.05 72
1l2.5 72
12.3 77
6L4.3 80
2.0} 2.60 831} .234 80
42.4 | 3.82 676 345 81
35.7 | 4.70 «575] 425 gl
27.7 | 6.03 454 .553 85
62.2 80
25.8 | 6.38 421 .586 86
.3 ] 8.35 228 .766 85
62.1 | 80
11.05 80
8.1 1 2.77 L7761 a251 a1
27.1 | 6.32 L3617 .571 80
11.45 80
63.3 78
11.45 74
13.11 13.11| 3.98 1.000 [.350 7L
. 8.48) 8.48 650 | 747 74
10.76 | 6.96 .820 | .612 73
Le16 {10.31 .320 | .908 73
12.85 80
11.11 80
2.39 [10.71 .186 |.96L 80
3.19 { 10.38 248 1.935 80
L.06 |10.05 .316 |.905 80
5.031 9.75 .395 |.885 80
6.01| 9.27 72 |.841 80
7.71 8.81 ! 0558 -800 80
8.27 | 8.27 650 {.751 80
9.37 | 7.56 736 {.686 81
10.50 | 6.80 824 |.617 8l
11.65 | 5.98 915 |.547 8l
12.31 | 4.92 .965 1.450 81
12.59 | 3.82 .988 |.34 81
12,89 | 2.83 L.000 [.259 8l
12.74 | 1.87 .991 |.171 82
12.73 | 1.04 990 |.096 82
1.62 {10.73 .128 |.982 82
.93 110.81 LO7L 1.988 82
12.61 82
10.93 82
10.31 86
11.53 86
9.89 | 1.51 .859 |.146 86
9.59 | '2.17 .832 {.210 86
9.57 | 2.96 .830 |.287 86
7.70 | 3.15 669 [.306 86
10.95 82
10.33 82

Cylinder lb cont. next page
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TEST DATA
CYLINDFX 0. 12
D=12* L=12" ¢ = .010" »r/t=800
No Intermediate Bulkheads
G| % | ™ [P}l ¢ B T | P Re | Bo | R Ten
11.85 a°
n.3 - 8
2,40 | 10,70 202 946 83
5.10 | 9.87 43| .873 83
8.07 8,07} . 580 715 83
10.83 5.58 o912 1 495 a3
1153 | 2,57 29701 .228
11.90
11.25 83
4.6 ' 83
9.32 10.47 «200 «90 83
9.32] 2.23 9.8L| «200 | 187 .87 83
9.32| 4.39 | 8.45 .200 | 269 | 730 83
1 9.32| 6,37 | 6.37] «200 | 535 .566 83
9.32| 8.54 | 4.43 «200 | 716 | <394 83
9.32 8.68 2.w om .7” 0178 83
: 9.32] 8.79 . 2799 %3_
11.25 31
46.8 ' _ 83
i8.72] . 9.58 «400 852 83
18.72 I.92 8.” om .161 .7% ‘3
18072 3.57 6.82 'lm o” 0605 ‘3
18.72 6.07 6.0’ n‘m .nl og 83
18.72] 6.40 3.3 400 1 5391 83
18-72 6-66 1 1.60 ._m t%l .m 83
| 6,70 200 | .36 g3 |
11.85 .- 83
. -~ . 11.37 I 83
“03' d _ ° 33
8.“ N eoM ' .m .7” ‘3
-1 28.,08] 1,58 6.60 600 | 133 ] .%82 83
20,08 | 2.72 5.17] - 600 | 232 | 457 84
28,08| 3.78 | 3.78 600 | .28 | .335 8,
28.08] 4.8 | 2.38] 6500 | 3771 .21 84,
28.% - L. 56 1.18) .g 384 | 105 8
. _A.” 1 9 . %
11.25 : 8
'ﬂ-lo b . Bh
37.92 6.96 .800 .619 8
- 13792} 1.03 3.85 «800 | 087 | .32 8i,
37.92] 2.91 2.91 <800 | 245 | .258 84
11.85 : . 7 u
1.3 . 83
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TABLE 1

30

EFFECT OF STRESS AND TIME ON CREEF OF CELLULOID SHEET

Test specimen:

t
)

0.0093 inch
0.253 inch
gage length, 10 inches

width,

Unit strain due to creep Porcent creop in
Tonsion|Tension after various time intervals 2 ?inutes,
lood | stress| 0.25 0.50 1 1.5 2.0 unit ereep
(grams)| (psi) nin. min. min. min. min. unit strain
.0 0 -0 e 0 0.0
50 Y7 - —10 | 0 .0
100 9k -0 e 0 .0
200 188 |- @.000056 | .000093 (0.000093| .000101 2.55
00 ¥ =R (— .000112 | .000112| .000130| .0001LY 2.55
00 LY (- I P—— .000112| .000224 | .000335| .000335 4. 10
500 470 |emmmo— .000280 | .000L65 | .000633 | .000633 6.80
700 657 |—mmm——memm .000U65 | .00065K2 | .000838 | .000912 6.80
1000 940  {0.000093| .0010% | .001250| .001L3 .001340 6.90
1500 | 1410 .000690 | .001230| .001750| .002120| .202120 7.0
Inches increase after time interval x 1000
Total inches deflection due to load
*2.5 ; , . §4
, Stress, psi IR
2 2.0 X — a
o — 1410~ g
o ; 13}
3 15 L 70 g
A 940+
% ////’ | %
£ 1.0 = e 3
o vy 6574 | o
5 g Af/L/f””"”— 470, | 6.0 &
s S
R s s Tz ~4:9 &
/ T --188 B.O-E_l -O élj
o 9.5 1.0 1.5 2.0 "

Time, minutes
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TABLE 2

Cylinder P-1. Length =7 in.,

Bending and torsional strength under repeated loading
with variation in time of loading.

31
rs—6.87“ —>|
. T_—'—T———_':-‘ T
diam. = 6.87, t = 0.0075 "
Bulkhead | 7"

i1l

Pure bending tests Pure torsion tests

Test Scale load Time of Test Scale load Time of
To, at failure loading No. at failure loading

(1) (o=) (min) _ (1n)(oa) (min)

1 3 7.5 0.13 1 3 12.5 0.10

2 3 6.8 .20 2 3 11.8 A7

3 3 5.9 .34 3 3 11.3 .31

4 3 5.8 .65 4 3 11.1 .48

5 3 5.5 .93 5 3 10.0 .78

6 3 5.7 .40 6 3 10.9 .72

7 3 6.1 .26 7 3 10.9 .36

8 3 6.9 .12 8 3 11,3 .23

9 3 7.4 .10 g 3 12.1 .14

Average 3 6.38 Average 3 11.31

Maximum percent variation
from average of 9 tests = 1.88
rercent. Percent difference
between first and rinth test
which had practically the same

time of loading = 0.18 percent..

XOTE: When the cylinder duck-
led, the scale reading droppe§
thus the highest reading of
the pointer on the scale was
read and recorded.

Maximum percent varila-
tion from average of 9 tests
= 2.2 percent. Percent differ-
ence between first and ninth

test, which had approximately
same time of loading, = 0.66
percent .,
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TABLE 3 il
0
Crlinder P-2. L = 28 in., D = 6.87 in., t = 0.0075, temp. = 75 F
Bending and torsional strength under repested loading with varia- cg
tion in timo of loading. <
===l ¥
6.87" |, =
Pure bending tests Pure torsion tests
| Test Scals load Time of Test Scale load Time of
¥o. at_failur load Ko. fail 1
° *raE3tesse P5453¢€ °- | 21;1515%3° P53138
1 3 8.0 0.81 1 1l 12.5 0.20
2 3 8 .20 2 1 13.0 .20
3 3 8 .30 3 1 13.25 .10
4 3 7.8 .40 4 1 12.75 .14
5 3 7.5 .52 5 1 12.860 .15
6 3 8.2 .14 8 1 12.10 42
7 3 8.2 .11 7 1 12.0 .78
8 3 7.6 .54 8 1 13.00 .09
9 3 8.7 .12 9 1 13.00 .21
10 3 8.7 .36 10 1 12.40 .43
11 3 7.4 .61 11 1 12.60 .81
Average 3 8.0 Average 1 12.68

tion from average of 11 tests

= 1.

Maximum percent varia-

25 percsent.

Maximum perceéent varia-

tion from average of 11 tests
= 1.98 percent.
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TABLE 4
g ——
1}
Sylinder P-2 (modified) One internal bulkhead N
3 \ . : ____4{Internal
added as indicated in sketch. == =21 11khead
RoarnAd ne armAd +Aamad Anmea ek meman md Tl senm A o A mem o
LS LLLJ..I.S anc voulL b-l-U-l.-a.J- 8soT Cliguili LWLlUoL -L'J[JU&UUU.
loading with variation in time of loading. o84
) |
6. 8’?" e
i Pure bending tests Pure torsion tests
Test Scale reading | Time of || Test Scale resading | Time of
¥o at failure loading No at failure loading
(1p)(oz) (min) (1b)(oz) (min)
1 3 8.0 0.27 1 2 1.9 0.17
2 3 7.8 .30 2 2 2.0 .21
3 3 7.9 :24 3 2 2.0 .33
4 3 7.8 .35 4 2 2.0 .22
5 3 7.9 .27 5 2 1.8 .20
6 2 1.1 47
! 7 2 1.7 .18
’ Average 3 7.88 Average 2 1.7¢9

Maximum percent varia-
tion from average of 5 tests
= 0,14 percent.

Maximum percent varia-

tion from average of 5 tests

2.07 percent.




= 1.7 psercent. = 0,99 percent.
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TABLE 5
=== T
. 7
Cylinder P-2 (modified). Two internal bulkheads ]y
added as indicated in sketch. /== %F
Internal o
Bending and torsional strength under repeatcd bulkheads ., I 28"
loading with variation in time of loading. =“"='TT
14:ll
6.87" k_,*gl
l i
Pure bending tests Pure torsion tests
Test Scale reading | Time of || Test Scale reading | Time of
No. a? failure loading ¥o. at failure loading
1b)(osm) (min) (1v)(oz) min
1. % 4.0 0.30 1 2 7.4 0.26
2 3 5.7 .25 2 2 7.6 .19
3 2 5.0 .25 3 2 7.5 .25
4 3 4.9 .26 4 2 7.5 .22
5 3 4.5 .32 5 2 7.0 .36
6 3 5.2 .16 6 - 2 7.6 .16
Average 3 4.9 Average 2 7.39
Maximum percent varia- Maximum percent varia-
tion from average of 6 tests tion from average of 6 tests
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TABLE 6

Cylinder P-2 (modified). Three internal bulkheads
added as indleated in sketch.

Pure torsion tests
Test Scale rsading Time of
¥o. at failure loading
(1p)(o0z) - (min)
1 3 2.2 0.15
2 3 2.2 .25
3 3 2.7 .12
4 3 2.1 .19
5 3 2.2 .20
6 i 3 2.2 .14
i
Average 3 2.27
Kaximum percent variation

from average
vercent.

of 6 tests = 0.85

Internal ,‘;

bulkheads “:~f= = = = —*— 28!
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TABLE 7T e .
|
| ! REorsTl T
—j— t" SUM{ARY OF TEST CYLINDER DATA ' - Internalll 4
| bulkhead i
|' l t ";ie- L
—_—l |y

l<—-——D" '—9}
1 2 3 4 |5 ] 6 7 8
Crlinder | Test |Diam. D| 4 . r/t| L L/D Remarks
w0, cyl. No.} = 2r
L la 6.87 |0.010 |344| 3.UC | 0.495 | Cylinder 1b cut down.
A 1b 6.87 10,010 |34k} 6.75| 0.983
o 2g, 6.88 |0.00751L458 ! 6.87 | 1.00
2b 6.88 {0.0075|452 3.40} 0.495 | Cylinder 2a cut down.
3 3a 7.00 {0.015 {234} 7.00{ 1.00
3b 7.00 {0.015 {234} 3.50| 0.50 Cylinder 3a cut down.
L L 7.00 {0.015 {234%] 3.50{ 0.50
One intermediate bulkhead
Ba, 6.90 {0.010 {345(13.801| 1.0 at midpoint.
5 15 6.90 {0.010 {3u45113.80} 1.0 S§§$123 g% gggtg?cond
. Two intermedlate bulkheads
5c 6.90 [0.010 |345)13.80| .62 soaced 8.6 in. spart.
6 Ga. 6.88 [0.010 {344} 6.811 1.00
&b 6.82 |0.010 (344! 3,41} 0.50 Cylinder 6a cut down.
Ta 7.00 {0.015 |[234|10.15| 1.k5
[ One intermedizte bulkhead
7b 7.00 {0.015 {234{10.15{ 0.73 2t midpoint.
' Two intermediate bulkheads
; 8a 6.90 {0.010 |345}13.80} 0.67 spaced 4.6 in. epart.
12 6.90 [0.010 |345{13.80 0.67 Same as cylinder 8a.
Two intermediate bulkheads
8c 6.90 |0.010 |345}13.80| 1.00 *spaced 686 in. apert.

‘Pure bending replaced by cantilever bending due to transverse
load at free end.
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TABLE 7 (continued)

1 2 3 4 5 6 7 g
Oylinder| Test |Diam. D| % = [r/t| L |L/D Remarks
No. cyl. Jo.| = 2r
9a, 6.90 {0.010 |345(10.351 1.50
Two intermediate bulkheads
) g Two intermediate bulkheads
Je 6.90 {0.010 |345110.35| 0.75 spsced 5.16 in. apart.
10 10 6.90 10.0075{460(13.8 | 2.00
11 11 6.8% |0.0075!460!1.0 | 1.00 | One intermediate bulihead

et midpoint.

12a 12,00 [0.010 {600{12.00| 1.00

12 12b 12.00 |0.010 |600| 6.00| 0.50
13 13a 12.00 |0.0075|800{12.00 | 1.00
13b 12.00 |0.0075|800: 6.00| 0.50
RN I 11 12.00 |0.0075{800|12.00 | 1.00
15 15 12,00 |0.010 {600 6.00| 0.50
16 16 12.00 |0.010 |600111.9 | 0.99 |

Explanation of columns:

Column (1) 16 different officiel test cylinders were fabricated.
These are numbered 1 to 16. :

Column (2) For test purposes the 16 cylinders were modified to obtain
29 secparate test units. This was done by cutting the
original cylindor down to a shorter longth or by inserting
intermediate bulkheads to change L/D ratio.

Column (3) Diametor of celluloid oylinder, inches.

Column (U4) Wall thickness of celluloid cylinders, inches.
Column (5) Radius of* cylinder/wall thickness.

Column (6) Cylinder length between center line of end bulkreads.
Column (7) ZILength/diameter ratio.
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(A1l test values are plotted without distinction for r/t or
I/D values of cylinders. Soe Figure 11 for additional curves).

Yigure 10,~ Plot of test results for cylinders in combined com~
pression and pure bending.
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4 r/ft = 800 = D
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Rotih = 4 """ N
fThe tast data on the cylinders
(a) &/D =|.b't¢ .67 listed below are plotied.
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- 7o 11
. Ba 12a
L L gb 13a
15 Be
_ *lb 1%
BeHfp = ¥
+ R
{b) L/D =(1.0 lppro: .
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X
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(A1l values are plotted without consideration of r/t or L/D
values of test cylinders. Refer to Figure 13 for these con-
siderations).

Pizure 12.- Test resulte for cylinders loaded in combined compression
and pure torsion.
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Figurc l4.- Test resulte for cylinders loaded in combined pure
bending and pure torsion,
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\\ ~ ki 8¢
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N3\ 9b 12a
N S N 13b 8o
b $ BN o 13b
Ryt PLeRd3.5 4 1N\ o
RptHs® = |1 -1
{b) §/D =|1.0 dpprox.
Figure 13.~ Plot of tast resultas
for cylinders under
combined pure beading and pure
toralon loeadsa.
::t::Q& A
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pd g gd B = 1 -7
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. .8 4 .B .8 1.0
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1.0
.8
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Explanation:

Values of plotted points are obtalned from tables in the
appendix. Values are plottsd without distinetion for r/t or
L/D of cylinders. 8es Figures 20, 21, S8 for additional
curvas,

The diagonal lines as plovted above represent the
following interaction eﬂuatiogni 1.1

upper line (Re+Rpl-4)1+iipg 8.5 41

middls lins Ro+iy+ReB.5 = 1
lowar line Ho+Rp+Rg® = 1
Figure 19.- Plot of teat data for cylinders losded in com-

bined compresslion, pure bending, and pure
torsion,
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Figure 16.- Plot of test results for various test cylinders

loaded in combined compression, pure bending and
pure torsion.
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pure bending and pure tonabon. L/D comprassion, pure bending and pure torsion. L/D

oompression,
ratio of cylicders = Q.5 ratio of eylindere = 1.0 approximately.
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{b} |Rg ={.4
5 a)
A
ReF5 alln--
2
(e) Re % .6
0 .2 4 .8 .8 1.0 0 B8 1.0
- Ry
t/t m @ =4
r/t = 345 2 O
T/t = 480 = +

Test data for teast cylindera 6c, 7a, %a,10.

Figura 38.- Plot of teat data for oylinders loadad in
- coabined compression, gu.ro bending and purs
torsion. L/D ratio of cylinders = 3.0 approximately.
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1.0
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.6
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.8 B =
(a)ﬁ-ﬁ (d,\MJRg'.B
0 .2 4 & B 10 0 .2 .4 B .8 VO
rft = 8330 = & r/t = 460 = +
r/t = 345 = O r/t = 800 « D
Explanation,

n the above rasults Rgy 1e kept conetant at the values
shown and the corresponding valusa of Roe were résd
from the curves repreaenting the test data for the individual
teat cylinders as given in Figures 16,17, and 18. For cylinder
nupbers plotted in this figure ses information on Figure 30.
The dlagonal lines as plottad represent the followlng inter~
action equations: 1.1.0 8.6
upper line (Ro#Rpl-1)1-1.8.°% =1
middle line Ro+Ry+Rga 5 m 1

lover line Ro+BpvRgd = 1

Figure B4.- Plot of test data for cylinders lowded in combinod
comprassion, purs bending and purs toraion. L/D
ratio of oylinders = 0.5 approximately
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NACA TN No. 951 Fig. &3
1.2 Cyl. 10 Cyl. 9a || Oyl. la Cyl. 3a
N TL/D= 2 - FL/B=1.5 - { L/D=0.5 j - L/D=1.0
\J T/t=460 r/t=345 R [t=344 ¥Jt=234
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NUOYNOR NN
0 o100
Re
1.2 Cyl. 7a Cyl. 5¢c Cyl. 11 ' Cyl. 23a
-L/D=1.45 - -L/D—O 62 4 &t L/D=1.0 4 &t L/D=1.0
a N r/t=334 N T/ t=345 T /t=460 N r/t=460
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0 I 0 .4 8 0 .4 .8
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1.2 Cyl. 2b C}/(l. 3b
~L/D=0.5 L/D=0.5 1 g4
N gure 23.- Plot of test data
.8§‘ r/t=480 r/t=234 : for various test
_~>;\ \ , cylinders loaded in combined
IR NS compression, pure bending and
45L\ RN —%k& pure torsion. In these graphs
) NI | >>.\-\‘ the load ratio Rg in torsion
ay o has been taken as constant
N DO N NN with values of 0, 0.2, 0.4,
0 0.6 and O 8. The plotted
Re voints on these curves are
read from the.plotted test
1.2 C}/rl 90 C}'l 9b7 curves in figures 16,17,18.
- L/D=0.75 - ~L/D=0.67 -
sl r/t=345 §;§\/t=34o Re o
\\\ L x&k -------- '2
SR RN —_—— 4
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RERNR RNANN - -8




1.0 1.0
8 “ \\\\\ A ‘8 b
.8 7 s .6 P

2 - - \‘.L\*‘- 3 " x
(a) |Bg =|.2 (b) By = {4 ‘%\ (») |8q =|.8 (b) [Rg =|.4 \M
0 P 0 N
1.0 1.0
Be R
.8 s .8
.6 Moo -

-3

: q .2
(c) i“-""\\\ks, (8) ol Bal= 8
.4 3

0 4 .8 8 1.0 0 .2 4 .8 .8 1,0 1.0 © -} .4 & .8 1.0
R r/t = 330 = & %o
r/t m 345 m O
T/t = 460 = +
. T/t = 600 =2 O
Explanation:

In the above results ie kept constant at the valuea shown and the
cortfasponding valuas of + Ry were resd from the curvea ra*puaenting
the teat data for the individual teet cylinders as given in Figures 15,
17, and 18. The diagonal linss as plotted repreaent ths followlng inter-

aoction egquationa:
upper 1ine (Ac+Rpl-1)1-14pg®-5 w1

riddle 1ine Ro+Rp+RgS:5 o 1
lower 1ine RotRb+Red = 1
Flgurs 25.~ Plot of teat data for cylinders loaded in combined Figure R8.- Plot of teat data for cylindera loaded 1n combinad

compresaion, pure bending and pure torsion. L/D coxpression, pure bending and pure torsiocn., L/D
ratio of cylindera = 1.0 approximately. ratio of cylirders = 3.0 approximately.
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pression combined with pure bending.

Plot of tost results for cylindsrs in tension or com-
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Figuré 29.- Plot of test results ror cylinders in tension or com-
pression combined with pure bending and purs torsion,
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Pigure 30.~ Plot of test results for cylinder in tension or com-
pression combined with purse bending and purs torsion.
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Figure 33.~ Test results for cylinder 6b when subjectsd to combined
lateral bsnding, coupression and pure torsion,
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Photo. No.7. Failure of cylinder P-2
in pure bending. L/D = 4

- Photo.No.4. Failure of cylinder P-2
in pure torsion. L/D = 4

s

Photo.No.3. Test cylinder P-2.
D= 7", L = 23", ¢ = .010n

Photo 1 to O '

Photo.No.8. Failure of cylinder P-2 Pheto. No.9. Fellure of cylinder P-2
in pure bending. Two intermediate in pure bending. Three intermeciste
bulkheads. L/D = 2 bulkheaas. L/D = 1.

Photo.No.5. Failure of cylinder p-Z

in pure torsion. Two intermediate
bulkheads, L/D = 2

Photo.No.6. Failure of cylinder P-2

in pure torsion. Three intermediste
bulkheads. L/D = 1.

Photo.No.1l. Operstor measuring
strain for determinetion of E.

Photo.No.2. Test jig with 7' dia.,
23" length cylinder in place.

Photographs of Tests on Preliminary Test Cylinder P-2. The
chief purpose of these tests wss to determine the influence

of time rate of loaaing upon the bending ana torsionsl strength
and also the effect of repeated buckling failure npon the
original buckling strength in pure benaing emnd torsion.
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Photo 10 to 20

—

Photo.Mo.10. Forms,Semnle Cylinder

F T o e and Bottom Bulkhead. A cylinder is

: h c Lebe Test ig being febricated on the 7" die. e - -
b . m —_— -
tht:;ts‘:.t;iindei e g;’,":]’_z:f; :2;? Peing held in place pyoys No.11. The upper bulkhead, b
> - Lever arme for applying benaing & torsion bottom bulkheads anc'.} two intern-l
3 - Speed reducer for applying loads zbove bulkheads for the 7" diaemeter
{ - Lever arms for the compreseion linkage test cylinders,
3 — Speed reducer for d. H
{ - Thermometer

o g s . N

Photo.No.18. Operator Applying
Loads to Test Cylinder.

Photo.No.12. Jig for fabricating
12" diameter cylinders.

- ot RIS oo o = y I

Ny Photo.No.13. A 12" dismeter cylin- Photo.No.1l4. A 7" diameter cyi!.inder
E;ﬁ:&ﬁ:'ﬁ;moﬁzzt ng’g;'ng.’éemete‘r der with end bulkheads ready for (L/D = 2) ready for mounting in
pure bending and torsional loads. fnou.ubing_ in test jig. ) test jig.

£

E
1
-~
L
A

engt ! Photo.No.l5. Same as c-ylinder in * Photo.No.16. Same as cylinder in
Photo. No.20. n .14 ‘ ]
cy?_igdzg ith“t:o iinze,.tﬁl tu]khrele.ds No.14 bub with one inbernal bulk- . No.li but with two internal bulk
mounted in test Jig - head in position. £ heads locsted at the third points.
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Photo.No.21l. 12" cylinder buckling Photo.No.22. 12" cylinder buckling " Photo.No.23. 12¢ cylinder buckling
unczer pure compression load.L/D =0.5 under pure bending lnad. L/D =0.5 under pure torsion load. L/D =0.5

Pnoto.No.24. 12" cylinder buckling Photo.No.25. 12" cylinder-buckling Phéto. No.26. 12" cylinderbuckling
under pure compression load. L/D = 1 under purse bend‘i.ng load. L/D -1 under pure torsion load. L/D =1

Pnoto.Ho.27. A 12" cylinder buckling Photo.No.28. A 12" cylinder buckling Photo.No.29. A 12* cylinder buckling

under combined bending ana compression under .combinea comgpression and torsion under combined bending and torsion
.losding. L/D a1l losd. L/D = 1 loed, L/D=1

Photo No.30. A 12" cylinder buckling
under a combined compression sbending
and torsion load. L/D =

Photo.No.31l. Buckling of
7" cylinder in,pure com-

Photo.No.33. Buckling of
7% cylinder in pure torsion.

Photo.No.32. Buckling of’
One internal bulkhead. 7" cylinder in pure bend- pression.One intemgl

ing.One internal bulk-
head. L/ =2 bulkhead. L/D =

The magnituue of the buckles a.nd ‘wrinkles shown in the abowe photographs is greater than that
permitted in the official cylinder testz since excessive buckling would tend to proauce local
rea.knpss for repeated tests. . - —————

L/D =2



